The variance, sum average, sum variance and sum entropy of co-occurrence matrix were the most signi"cant texture features (probability, P(0)0005) to identify unwholesome poultry carcasses at visible and near-infrared wavelengths. When a direction of co-occurrence matrix equals to 03, the contrast value was lower and the inverse di!erence moment and di!erence variance were higher (probability, P(0)01) than any other direction in the visible spectral images. The characteristics of variance and sum variance of spectral images varied with the wavelength of spectral images and unwholesomeness of poultry carcasses as well. The sum variance of wholesome was higher (probability, P(0)005) than unwholesome carcasses at the wavelength of both 542 and 570 nm. For the near-infrared spectral images at 847 nm, the sum average, entropy and sum entropy values of unwholesome carcasses were higher (probability, P(0)005) than wholesome ones. The linear discriminant model was able to identify unwholesome carcasses with classi"cation accuracy of 95)6%, while the quadratic model (97)0% accuracy) was better to identify wholesome carcasses.
Introduction
Image texture analysis has been used for agricultural and food product quality and safety evaluation, particularly in grading and inspection. Early studies for image texture analysis have involved autocorrelation functions (Liu et al., 1993) , power spectra and relative frequencies of various grey levels on the unnormalized image (Park & Chen, 1994) . The grey-tone spatial-dependence matrix, or co-occurrence matrix (COM), which is the statistical relationship of a pixel's intensity to the intensity of its neighbouring pixels, has been used for image texture analysis. Co-occurrence matrix texture analysis has been used for agricultural applications, such as ultrasonic image analysis for beef tenderness measurement (Park et al., 1992) , plant canopy identi"cation (Shearer & Holmes, 1990; Han & Hayes, 1990) , bread texture analysis (Zayas, 1993) and apple bruise detection (Troop et al., 1994) . To generate COM from an image, parameters such as window size, neighbourhood distance and direction (or orientation) should be considered. However, determination of these parameters to take advantage of both statistical and structural properties of the texture is di$cult without empirical experiments (Zucker & Terzopolous, 1984) .
Image texture analysis is a more robust method than direct grey-level intensity measurement, because texture is independent of the tones of the images, and image texture contains statistical information in the spatial domain. Some textural descriptors such as angular second moment, entropy, sum entropy and di!erence entropy, are invariant to translation, rotation or scaling (Haralick et al., 1973) . Texture classes can be discriminated based on the measurements of the regions, because image texture analysis partitions an image into meaningful textural homogeneous regions (Lumia et al., 1983) .
Although COM texture analysis is a powerful method for image analysis, few research works has been done to investigate the performance of texture features based on COM analysis for multi-spectral images at the visible and near-infrared (NIR) wavelengths.
The primary goal of this study was to analyse texture features of co-occurrence matrix related to distance and direction of the neighbourhood matrix, and wavelength of multi-spectral images of chicken carcasses. The speci"c objectives were to: (1) investigate the variability of texture features based on di!erent structure of co-occurrence matrices of spectral images at di!erent wavelengths; and (2) determine the optimum texture features and corresponding wavelengths of spectral images for identifying unwholesome poultry carcasses.
Co-occurrence matrix
A general procedure for extracting textural properties of image in the spatial domain was presented by Haralick et al. (1973) . Each textural feature was computed from a set of COM probability distribution matrices for a given image.
The COM measures the probability that a pixel of a particular grey level occurs at a speci"ed direction and a distance from its neighbouring pixels. Co-occurrence matrix is represented by the function P (i, j, d, ) , where i represent the grey level at location of coordinate (x, y), j represents the grey level of its neighbouring pixel at a distance d and a direction from a location (x, y). The eight nearest-neighbour resolution cells (3 by 3 matrix), which de"ne the surrounding image pixels, were expressed in terms of their spatial orientation to the central pixel (i, j) called a reference cell. The eight neighbours represent all the image pixels at a distance of 1. For example, resolution cells (i#1, j) and (i!1, j) are the nearest neighbours to the central cell (i, j) in the horizontal direction ( "03) and at a distance (d"1). This concept is extended to the three additional directions ( "45, 90 and 1353) as well as when a distance equals 2, 3 and so on.
The COM is scale invariant, i.e. the matrices show the relative frequency distributions of grey levels and describe how often one grey level will appear in a speci"ed spatial relationship to another grey level on each image region. As there are eight nearest neighbours for each pixel [ Fig. 1(b) ], there exist many di!erent co-occurrence matrices from the same grey-tone image based on direction and distance from the reference cell for each image region. In this study, the textural features were calculated from the co-occurrence matrix when the direction equals to 0, 45, 90 and 1353 and the distance equals 1 and 2, respectively.
¹extural features
The most important and di$cult task in classifying pictorial information is to select features descriptors. In this study, 13 most common texture features (angular second moment, contrast, correlation, variance, inverse di!erence moment, sum average, sum variance, sum entropy, entropy, di!erence variance, di!erence entropy and other two information measures of correlation) were used (Haralick et al., 1973) . The values of these features were calculated from the COM(s) of spectral images of wholesome and unwholesome poultry carcasses including septicaemia, cadaver, tumour, skin-tear and bruise. &Angular second moment' is a measure of homogeneity of an image. The higher value of this feature indicates that the intensity varies less in an image. &Contrast' measures local variation in an image. A high contrast value indicates a high degree of local variation. &Correla-tion' is a measure of linear dependency of intensity values in an image. For an image with large areas of similar intensities, correlation is much higher than for an image with noisier, uncorrelated intensities. &Variance' indicates the variation of image intensity values. For an image with identical intensity for all images, the variance would be zero. &Inverse di!erence moment' is another feature to represent image contrast. &Sum average' and &sum variance' are the average and variance of normalized greytone image in the spatial domain, respectively. The &sum entropy' is a measure of randomness within an image and &entropy' is an indication of the complexity within an image. A complex image produces a high entropy value. The &di!erence variance' is an image variation in a normalized COM. The &di!erence entropy' is also an indication of the amount of randomness in an image. More detailed information of algorithms to calculate texture features was given by Park et al. (1992) and Park and Chen (1996) .
Materials and methods

Materials
A total of 176 chicken carcasses, 73 wholesome and 103 unwholesome (30 septicaemia, 48 cadaver, 16 tumour, "ve skin-tear and four bruise) were used for experiments. The carcasses were separated based on the condition of condemnation and were placed in plastic bags to minimize dehydration. Then the bags were placed in coolers "lled with ice and were transported to the Instrumentation and Sensing Laboratory located at Beltsville, Maryland for multi-spectral image acquisition. Six images were taken for each carcass.
Multi-spectral imaging system
An intensi"ed multi-spectral camera (Model IMC-201, Xybion Electronic System, San Diego, CA) and six interference "lters with visible/near-infrared wavelengths of 542, 570, 641, 700, 720 and 847 nm were used for image acquisition. Each "lter had a bandwidth of 10 nm. The camera had two on-board Motorola MC68HC11 microprocessors and a Sony XC-77 CCD imager with a spectral image of 400}1000 nm spectral range. The spatial resolution of the imager was 786 (horizontal) by 493 (vertical). The imager was "bre-optically coupled to a microchannel plate intensi"er. A Tokina AT-X lens with a variable focal length of 28}85 mm and maximum aperture of f/3)5 was used. The system computer was a Gateway 486 with a 50 MHz and an 8-bit image frame grabber (ImCap, Xybion Electronic System, San Diego, CA). Two high-intensity tungsten halogen lamps (Tota T-110, Lowel-Light, Inc., Brooklyn, NY) were used for the light source to provide 248 lx (lm m\) of light on the chicken samples. A d.c. power supply (Nobatron DCR 150-5A, Raytheon Co., South Norwalk, CT) was used for regulating lamp power. A soft silver re#ectance surface umbrella was attached to each lamp to di!use the light. Spectral images were captured, processed and analysed using Xybion Image Capture and Analysis System
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(XICAS) and an in-house developed software using C # # programming language. Figure 1 shows a typical spectral image of a chicken and image processing software for co-occurrence matrix texture analysis.
Methods
Chicken carcasses were hung on a shackle. Di!used light from the lamps was projected on the carcasses. Images of the carcasses were taken using the multispectral camera. The total response of a multi-spectral imaging system was a function of illuminator power, "lter characteristics, sample re#ectance and sensitivity of the image detector. These relationships vary with wavelength. Therefore, a white Te#on2+ block with a #at spectral re#ectivity across the entire spectrum was used as a reference for image system calibration. The lens aperture was set at f/8. The gain of the intensi"er was set at 70% of the maximum gain to acquire high-quality images and to prevent saturation of the images at the 641 nm wavelength band, at which the highest re#ectance intensity was obtained.
Six multi-spectral images, one per each "lter, were captured from each carcass, yielding a total of 1056 images. The frame grabber digitized the images to 752 (horizontal) by 480 (vertical) pixels. All digitized images were converted into a Bitmap image format for further processing and analysis.
The carcass images were processed for grey-tone spatial-dependence matrix image textural analysis. First, the image with a wavelength of 641 nm was utilized as the template for segmentation of object for separating background, because this image had the highest intensity contrast to the background (Park et al., 1996) . The carcass objects in segmented images taken by other "lters were used for image feature measurement. In order to obtain the image textural features, co-occurrence matrices were generated from the grey-tone images. A 64 by 64 (or 4096 pixels) sub-image was extracted from image to calculate the values of textural features. Table 1 shows the results of signi"cance test for comparing mean values between wholesome and unwholesome poultry carcasses based on the textural features calculated from the co-occurrence matrix of multi-spectral images that contain grey-tone pixel information at the visible and near-infrared (NIR) wavelength regions. Among 13 texture features, variance, sum average, sum variance and sum entropy were the most signi"cant (probability P(0)0005) features to identify unwholesome carcasses at all wavelengths spectral images.
Results and discussion
Characteristics of texture features for spectral images
<ariance
Variance of texture increased as variability of pixel intensity of an image increased. Variances of wholesome spectral images at 700 and 720 nm were higher (P(0)001) than unwholesome (Fig. 2) . In this case, mean values of wholesome were 7)23 (standard deviation, SD"0)24) at 700 nm and 5)08 (SD"0)19) at 720 nm, whereas the mean values of unwholesome images were 6)12 (SD"0)24) at 700 nm and 4)59 (SD"0)20) at 720 nm, respectively. However, the variances of unwholesome spectral images were higher than wholesome images when the wavelength of spectral images were 542 (P(0)001), 570 (P(0)001), 641 (P(0)01) and 847 nm (P(0)001), respectively. The mean values of each spectral image for wholesome carcasses were 3)16 (SD"0)11) at 542 nm, 3)86 (SD"0)16) at 570 nm, 12)42 (SD"0)32) at 641 nm, and 1)22 (SD"0)02) at 847 nm, respectively. For the spectral images of unwholesome carcasses, the mean values of variances were 4)34 (SD"0)08 at 542 nm, 4)94 (SD"0)10) at 570 nm, 12)92 (SD"0)33) at 641 nm and 2)25 (SD"0)07) at 847 nm, respectively. Thus, the variance of images varied with the wavelengths of spectral images and unwholesomeness of poultry carcasses as well. Figure 3 shows the comparison of sum average between wholesome and unwholesome carcasses at di!erent wavelengths with various neighbouring distance and direction. In the visible range of spectral images, sum variance of wholesome was higher (P(0)005) than unwholesome carcasses at the wavelength of both 542 and 570 nm [ Fig. 3(a) ]. For the spectral image at 542 nm, the mean and standard deviation were 17)72 and 0)14 for wholesome and 15)10 and 0)13 for unwholesome carcasses. For the case of spectral images at 570 nm, those values were 20)70 and 0)29 for wholesome and 17)27 and 0)16 for unwholesome carcasses, respectively. In contrast, for the NIR spectral image at a wavelength of 847 nm, the sum average value of unwholesome images were much higher (P(0)005) than those of wholesome images [ Fig. 3(b) ]. In this case, the mean values of sum average were 5)07 (SD"0)04) for wholesome and 11)22 (SD"0)10) for unwholesome carcasses.
Sum average
Sum variance
Sum variance normally shows high values when the frequency of occurrence is equally concentrated in the lowest and highest cells of the co-occurrence matrix. As shown in Fig. 4(a) and (b) , the sum variance values of (5) Sample numbers for the experiments were wholesome (n"73) and unwholesome (n"103) carcasses. (6) Unwholesome carcasses included septicaemic (n"30), cadaver(n"48), tumour (n"16), skin-tear (n"5) and bruise (n"4), respectively.
Fig. 2. Variance of spectral images of poultry carcasses with various neighbouring distance (1, 2) and direction (0, 45, 90 and 1353) of co-occurrence matrix for wholesome and unwholesome at the wavelengths: (a) 542, 570 and 641 nm; (b) 700, 720 and 847 nm
Fig. 3. Sum average of spectral images of poultry carcasses with various neighbouring distance (1, 2) and direction (0, 45, 90 and 1353) of co-occurrence matrix for wholesome and unwholesome at the wavelengths: (a) 542, 570 and 641 nm; (b) 700, 720 and 847 nm
wholesome carcasses were higher than unwholesome ones when the images were obtained at the wavelengths of 542 nm (probability P(0)005) and 570 nm (probability P(0)005). At the 542 nm, the mean values of sum variance were 314)11 (SD"2)36) for wholesome and 284)80 (SD"2)63) for unwholesome spectral images. Also, these feature values were 430)41 (SD"13)10) for wholesome and 355)46 (SD"3)66) for unwholesome images at 570 nm. However, at 641 and 847 nm, sum variance of unwholesome carcasses was higher (P(0)05) than wholesome ones. The mean values at 641 nm were 2315)29 (SD"16)41) for wholesome and 2431)70 (SD"19)98) for unwholesome. The mean values were 23)16 (SD"0)22) for wholesome and 300)81 (SD"2)68) for unwholesome carcasses at 847 nm. Thus, the sum variance of spectral images also varied with wavelength of spectral images.
Sum entropy
The sum entropy feature values of spectral images at visible wavelengths of wholesome carcasses were slightly 
. Sum entropy of spectral images of poultry carcasses with various neighbouring distance (1, 2) and direction (0, 45, 90 and 1353) of co-occurrence matrix for wholesome and unwholesome at the wavelengths: (a) 542, 570 and 641 nm; (b) 700, 720 and 847 nm
higher than unwholesome ones [ Fig. 5(a) ]. At the NIR (847 nm) wavelength, however, the sum entropy values of unwholesome carcasses were higher (probability P(0)005) than wholesome ones [ Fig. 5(b) ]. In this case, the mean values of sum entropy were 0)41 (SD"0)004) for wholesome and 0)56 (SD"0)004) for unwholesome carcasses.
Entropy
If the frequencies of occurrence in the co-occurrence matrix are equally scattered over the matrix, high values of entropy can be expected. This uniform scattering occurs when the largest spread of di!erent pixel intensity occurs in the spectral image. Similar to sum entropy, the entropy feature values of unwholesome carcasses were higher (P(0)005) than wholesome ones at 847 nm [ Fig. 6(b) ]. The mean values were 0)50 (SD"0)02) for wholesome and 0)69 (SD"0)03) for unwholesome carcasses, respectively. Thus, the texture feature of entropy from NIR spectral images was feasible to identify unwholesome poultry carcasses. However, entropy was not a signi"cant textural feature except at the 847 nm wavelength (P(0)05) (Fig. 6) . In addition to these features, angular second moment was also an important feature to di!erentiate unwholesome carcasses at the wavelength of visible (probability P(0)005) and NIR (probability P(0)0005) bands (Fig. 7) . For the NIR spectral image at 847 nm, the texture features of angular second moment, contrast, variance, sum average, sum variance, sum entropy (probability P(0)0005), inverse di!erent moment (probability P(0)005), di!erence entropy (probability P(0)05) were signi"cant to identify unwholesome carcasses, whereas, correlation and di!erence variance were not signi"cant to di!erentiate unwholesome from wholesome carcasses.
<ariability of texture features based on neighbouring distance and direction
The angular second moment values did not vary much with distance for both wholesome and unwholesome carcasses (Fig. 7) . In this case, when distance and direction equal to 1 and 03, respectively, the mean values of both wholesome and unwholesome were higher (probability P(0)05) than other distance and direction at selected spectral wavelength bands. For selected spectral images, the values of correlation were smaller (P(0)05) when the distance equals 1 and directions were 45, 90 and 1353 compared to the values when the distance equals 2. The correlation value at 847 nm was the smallest (Fig. 8) . For NIR images, the values of mean and the standard deviation were 0)55 and 0)11 for wholesome and 0)60 and 0)19 for unwholesome when the direction equals to 03. These values were higher than any other direction as shown in Fig. 8(b) . However, the feature values of variance, sum average, sum variance and sum entropy of the spectral images at all wavelengths did not vary signi"cantly, even if the distance and direction have changed.
When the direction equals 03, the entropy, di!erence entropy (Fig. 9) and contrast ( Fig. 10) at visible wavelengths were lower (P(0)05) than the other direction. In contrast, at the same direction, the inverse di!erence moment (Fig. 11) and di!erence variance (Fig. 12) were much higher (P(0)01) than any other direction.
=avelength e+ects on texture features of spectral images
The textural feature values of angular second moment, correlation, variance, sum average, sum variance, sum entropy and entropy were a!ected by the wavelength of spectral images. The angular second moment at 847 nm was much higher than other wavelengths (mostly visible bands) for both wholesome and unwholesome carcasses [ Fig. 7(b) ]. However, correlation feature values at 847 nm were lower than at visible wavelength for both wholesome and unwholesome carcasses [ Fig. 8(b) ]. For the correlation features, no signi"cant di!erences were found between spectral images among the visible bands, even if the values at visible wavelength were much higher than those at NIR wavelength. 542 UW 94)6 9 4 )2 9 3 )6 9 3 )6 6 4 )5 6 3 )4 6 4 )5 6 3 )4 W 5 4 )6 6 0 )6 6 0 )6 5 7 )6 9 7 )0 9 7 )0 100 96)9 570 UW 92)3 9 4 )5 9 4 )5 9 5 )6 7 1 )4 5 7 )1 5 2 )8 5 2 )8 W 6 0 )6 5 7 )6 6 0 )6 6 0 )6 100 97)0 9 7 )0 9 7 )0 641 UW 93)5 9 4 )6 9 2 )5 9 4 )6 8 3 )7 8 0 )7 7 6 )3 7 6 )3 W 4 3 )8 4 6 )9 4 6 )9 4 0 )6 9 6 )9 9 6 )9 9 6 )9 9 6 )9 700 UW 92)5 9 3 )6 9 4 )6 9 4 )6 7 6 )3 8 3 )9 7 3 )1 6 4 )5 W 5 5 )9 4 7 )1 4 7 )1 5 0 )0 9 7 )1 9 7 )1 9 7 )1 100 720 UW 91)4 9 2 )5 9 2 )5 9 2 )5 5 4 )8 7 7 )4 7 5 )3 7 3 )1 W 4 4 )1 4 4 )1 4 1 )2 4 4 )1 100 97)1 9 7 )1 9 4 )1 847 UW 87)1 9 3 )6 9 2 )5 9 4 )6 2 2 )6 2 5 )8 2 3 )7 2 9 )0 W 2 3 )5 2 0 )6 1 7 )7 1 4 )7 100 100 100 100
Note: Sample numbers are calibration (n"116) and validation (n"60).Cross-validation method was used for validation of the models.Unwholesome carcasses include septicaemic (n"30) and cadaver (n"48), tumorous (n"16), skin-tear (n"5) and bruise (n"4). W, wholesome; UW, unwholesome.
The variance of spectral images of 12)42 at 641 nm was the highest compared to other values of spectral images of 7)23 at 700 nm, 5)08 at 720 nm, 3)86 at 570 nm, 3)16 at 542 nm and 1)22 at 847 nm, respectively, for wholesome carcasses (Fig. 2) . For the unwholesome carcasses, the highest value of variance was 12)92 at 641 nm followed by 6)11 at 700 nm. The variance of spectral image of 2)25 at 847 nm was the lowest for the unwholesome spectral images. However, no signi"cant di!erence was found for the variance among the spectral images at 542, 570 and 720 nm wavelengths as shown in Fig. 2 .
Similarly, for both wholesome and unwholesome spectral images, the sum average of 48)31, which is the highest value, was obtained from the spectral images at 641 nm followed by 34)58 at 700 nm, 27)78 at 720 nm, 70)70 at 570 nm, 17)72 at 542 nm, and 5)07 at 847 nm, respectively (Fig. 3) . For the unwholesome images, the highest sum average of 46)65 was also found at the wavelength of 641 nm spectral images. Similar to the wholesome cases, this value was followed by 33)02 at 700 nm, 27)20 at 720 nm, 17)27 at 570 nm, 15)09 at 542 nm and 11)22 at 847 nm, respectively.
As shown in Fig. 4 , for the wholesome carcasses, the sum variance 2315)29 at 641 nm was much higher than spectral images at other wavelengths. The sum variance at 700 nm was 1166)96 and the other values of sum variance were 748)13 at 720 nm, 430)41 at 570 nm, 314)11 at 542 nm and 23)1596 at 847 nm. Similarly, for the unwholesome spectral images, the sum variance of 2431)69 at 641 nm was the highest and followed by 1156)09 at 700 nm and 785)48 at 720 nm. However, little di!erence was found for the spectral images among the spectral images at 570, 542 and 847 nm, respectively. For both wholesome and unwholesome cases, the sum variance of each spectral image was not changed signi"cantly with neighbouring distance and direction of co-occurrence matrices.
In the cases of both sum entropy and entropy, the feature values of spectral images at 847 nm were the smallest, even if the sum entropy (0)56) and entropy (0)69) of unwholesome spectral images were higher than sum entropy of 0)41 and entropy of 0)50 for wholesome images (Figs 5 and 6 ). As shown in the "gures, the sum entropy (1)36 for wholesome; 1)33 for unwholesome) and entropy (1)71 for wholesome; 1)69 for unwholesome) of the spectral images at 641 nm were higher than other wavelength spectral images.
Application of texture features analysis to poultry carcass classi,cation
Classi"cation models were developed for identifying unwholesome poultry carcasses from the wholesome carcasses using discriminant analysis of multi-spectral images at selected wavelengths. Table 2 shows the accu-racy of discriminant models for classifying wholesome and unwholesome (septicaemic, cadaver, tumorous, skin-torn and bruised) poultry carcasses.
For the poultry inspection application, linear discriminant models performed well to identify unwholesome carcasses at both visible and near-infrared wavelength spectral bands. The classi"cation accuracy of linear model for separating unwholesome carcasses varied from 87)1 to 95)6% when textural features of spectral image at 847 and 570 nm wavelength were used as inputs. The accuracy was 94)5% when spectral images at 542 and 700 nm wavelength were used. However, quadratic discriminant models performed better than linear models to identify wholesome carcasses at both visible and NIR wavelength bands. In this case, the classi"cation accuracy was over 94)1%. Speci"cally, the classi"cation was perfect when texture features of spectral image with 847 nm were used for quadratic model. The accuracy of quadratic models was about 97)0% when textural features of spectral image at 542 and 700 nm wavelength were used as inputs for the identi"cation of wholesome carcasses.
Conclusions
The analysis of textural features of co-occurrence matrices (COM) was a good tool to investigate the identi"cation of unwholesomeness and the variability of multispectral images based on di!erent structures of COM considering neighbouring distance, direction and spectral images at di!erent wavelengths. Signi"cant texture features and corresponding wavelengths of spectral image could be determined for identifying wholesome and unwholesome poultry carcasses.
Even if the value of angular second moment, variance, sum average, sum variance and sum entropy did not vary with neighbouring distance of COM of spectral images of poultry carcasses, variance, sum average, sum variance and sum entropy were the most signi"cant features to identify unwholesome carcasses at both visible and nearinfrared (NIR) wavelengths. In addition to these features, angular second moment was also an important feature to di!erentiate wholesome carcasses at the visible and NIR wavelength. However, entropy was not signi"cant texture feature except at 847 nm. For the NIR spectral image, the texture features of angular second moment, contrast, variance, sum average, sum variance sum entropy, entropy, inverse di!erent moment, di!erence entropy were signi"cant to identify unwholesome carcasses. The texture features of correlation and di!erence variance were not signi"cant at all to di!erentiate unwholesome carcasses. The characteristics of variance and sum variance varied with the wavelength and unwholesomeness of poultry carcasses.
The discriminant models, using linear and quadratic covariance matrix analysis method utilizing the COM image textural features of spectral images at the visible and NIR wavelengths, were useful for classifying poultry carcasses into two classes (wholesome and unwholesome) were developed. The unwholesome carcasses were classi-"ed by the linear discriminant model with 95)6% accuracy and the wholesome carcasses could be classi"ed by quadratic model with 97)0% accuracy when textural features of spectral image at 570 nm wavelength were used as inputs for the model.
